Order parameter collective modes are the fingerprint of a condensed phase. The spectroscopy of these modes in superfluid 3 He and unconventional superconductors can provide key information on the symmetry of the condensate as well as the microscopic pairing mechanism responsible for the ground state and excitation energies. We report the discovery of a new collective mode in superfluid 3 He-B which we identify as an excited bound state of Cooper pairs. We use interferometry within an acoustic cavity that is very sensitive to changes in the velocity of transverse sound. Our measurements of sound velocity and mode frequency, together with the observation of acoustic birefringence indicate that this new mode is weakly bound with an excitation energy within 1% of the pair-breaking edge of 2∆. Based on the selection rules for coupling of transverse sound to a collective mode in 3 He-B, combined with the observation of acoustic birefringence near the collective mode frequency, we infer that the new mode is most likely a spin-triplet (S = 1), f -wave pair exciton (L = 3) with total angular momentum, J = 4. The existence of a pair exciton with J = 4 suggests an attractive, sub-dominant, f -wave pairing interaction in liquid 3 He.
Perhaps the most detailed and specific signatures of broken symmetries of the normal state are the collective modes of the pair condensate. These are the dynamical fingerprints of a multi-component order parameter 14 . The order parameter collective modes of superfluid 3 He have been extensively studied 15 using acoustic absorption spectroscopy 15, 16, 17, 18, 19, 20, 21, 22, 23 .
There have been efforts to observe and calculate the spectrum and signatures of such modes in the heavy fermion superconductors, UPt 3 24,25 , UBe 13 26,27 , as well as for Sr 2 RuO 4 28, 29 .
Recently, observation of the Leggett-mode, i.e. the inter-band Josephson oscillations of a two-band superconductor, was reported in MgB 2 30 . Collective modes of the amplitude of the order parameter have also been observed. In NbSe 2 the superconducting state develops below the onset of a charge density wave (CDW) instability. The coupling between the amplitude mode of the CDW and the amplitude mode of the superconducting order parameter produces an infrared active collective mode near the gap edge, 2∆ 31, 32 . However, 3 He is the best example of complex symmetry breaking among the BCS condensates and investigation of its order parameter collective modes holds significance for the understanding of other pairing systems.
Transverse sound has been shown to be a precision spectroscopy of the collective mode spectrum of superfluid 3 He-B 16, 17 . Using these techniquese we have discovered a new collective mode of the B-phase of superfluid 3 He . Selection rules for the coupling of transverse sound to a collective mode, combined with the observation of acoustic birefringence near the mode frequency, suggest that the most likely candidate for this new mode is the spin-triplet (S = 1), f -wave pair exciton (L = 3) with total angular momentum, J = 4, predicted by Sauls and Serene 33 .
The equilibrium phase of superfluid 3 He-B is a spin-triplet (S = 1), p-wave (L = 1) condensate. The order parameter has nine complex amplitudes, and correspondingly a spectrum of collective modes 15, 23 whose observation has been instrumental in establishing that the dominant pairing interaction is p-wave. For pure p-wave pairing there are a total of 18 modes corresponding to the number of degrees of freedom of the order parameter. The Bphase has an isotropic gap with magnitude 2∆, where ∆/ at zero temperature varies from 34 to 97 MHz over the pressure range of the phase diagram. Acoustic techniques are wellsuited for these frequencies and, in general, sound can couple effectively to order parameter modes with non-zero frequency at zero wavevector, Ω(k = 0) ∼ ∆/ . These 'optical' modes, shown in Fig. 1 , correspond to excited pair states with total angular momentum quantum numbers 34 , J = 0, 1, 2, etc., each with 2J + 1 substates, labeled by −J ≤ m J ≤ J.
Additionally, the order parameter modes are classified by their parity under particle-hole symmetry, J ± , where plus and minus distinguish between modes with even (+) or odd (−) parity under particle-hole transformation, i.e. particle ↔ hole conversion. In Fig. 1 we sketch the energy level diagram for the excited pair states in superfluid 3 He-B that have been observed, or are predicted, to couple to sound 15, 23 .
Acoustic waves have a linear dispersion, ω = c k, where c is the sound velocity. The sound frequency, ω, can be chosen to match an order parameter collective mode, Ω J ± ,m J (T, P ), which is only weakly dependent on wavevector k, but can be tuned by sweeping the pressure or temperature. If there is coupling between sound and the modes they can be identified by divergence in the attenuation and velocity of the propagating sound wave at the crossing point 15 . We use a unique spectroscopy based on magneto-acoustics that has high spectral resolution 16, 17 and well-defined selection rules for coupling to the order parameter. We In the superfluid state, transverse sound propagates according to the dispersion relation 36 ,
This equation can be solved for the phase velocity as shown by the green curve in parameter collective mode 15 . In Fig. 2D we show as red circles the difference between the measured sound velocity and the value calculated from Eq. 1, based on coupling only to the 2 − mode. The downturn in velocity is quite evident here. By extrapolating the period of the oscillations in Fig. 2C to zero, i.e. to the point where the velocity diverges indicated by the green arrow, we determine the frequency (excitation energy) of the new collective mode.
This procedure is described in detail in Sec. III of the supplementary information. We find the excitation energy of the mode, Ω 2∆ , to vary systematically with pressure, but remain within 1% of 2∆ for pressures from 1 to 20 bar, as shown in Fig. 3A . The precision of the extrapolation is given by the error bars; the accuracy of 1% is determined by the absolute temperature scale 39 in the framework of the weak-coupling-plus model for the energy gap 40 .
In order to model the sound velocity near the gap-edge, we amend Eq. 1 by adding a new term to represent the coupling of transverse sound to the 2∆ collective mode with a form similar to that of the 2 − mode,
). The velocity calculated from this model is given by the black curve in Figs. 2B and 2D, describing our data quite well with a coupling strength, Λ 2∆ = 0.18. Furthermore, we note that the amplitude, A 1 , of the interference oscillations near the gap-edge decreases in a manner similar to the period. Since the amplitude is proportional to the inverse of the sound attenuation, this is a consistent identification of a collective mode, where it can be shown from Eq. 1 that the attenuation diverges at the mode location, as does the velocity.
We have previously established
37 that an applied magnetic field rotates the plane of polarization of propagating transverse sound in the near vicinity of the J = 2 − mode, ω ≥ Ω 2 − . Increasing the frequency above the J = 2 − mode decreases the Faraday rotation rate, which eventually becomes immeasurably small as the coupling to the mode decreases.
However, at even higher frequencies near the pair-breaking edge we find that the Faraday rotation reappears (see Fig. 3B ) in the same frequency region where we observe the downturn in the velocity of transverse sound. The magnetic field modulates the interference amplitude, A 1 , by a factor cos θ, from which we extract the Faraday rotation angle, θ. In magneto-optics, determines the accuracy of ∆ in the weak-coupling-plus model and is estimated to be 1%.
II. CALCULATION OF THE TRANSVERSE SOUND VELOCITY
In order to calculate the transverse sound velocity from Eq. 1, which appears in Figs. 2B and 2D, we use the full expression for the J = 2 − mode frequency in a magnetic field given by Moores and Sauls
Additionally, we used the quasiparticle restoring force for transverse sound
which includes all quasiparticle interaction terms
). The Tsuneto function λ(ω, T ) can be thought of as a frequency dependent superfluid density 36 , that depends on the gap amplitude, ∆. Therefore, at low temperatures the quasiparticle term is small and Λ 2 − is enhanced. In our calculations of velocity we use λ(ω, T ) adapted to incorporate the weak-coupling-plus gap as described above 40 . The dispersion relation, Eq. 1, holds in the long wavelength limit, kv F ω. Consequently, our estimation of the coupling strength of the 2∆-mode may be modified in a full q-dependent analysis.
III. LOCATING THE NEW MODE
As the acoustic frequency approaches that of an order parameter collective mode, the sound velocity and attenuation diverge. In order to pinpoint the frequency of the mode we plot the inverse of the signal oscillation amplitude (attenuation) and the oscillation period (velocity) and extrapolate to zero. In Fig. S1 we show this procedure for the oscillation period for two experiments with zero magnetic field and H = 305 G. The curves are fits to guide the eye. Nonetheless it is clear that the mode frequency can be precisely determined.
This is the method used to obtain Fig. 3A . Moreover, the 2∆ mode does not appear to have a Landé g-factor that is large enough to appear directly as a shift of the data trace in
